Macaca fascicularis aurea (Burmese long-tailed macaque) is 1 of the 10 subspecies of Macaca fascicularis. Despite having few morphological differences from other subspecies, a recent phylogeographic study showed that M. f. aurea is clearly distinct genetically from Macaca fascicularis fascicularis (common long-tailed macaque) and suggests that M. f. aurea experienced a disparate evolutionary pathway versus other subspecies. To construct a detailed evolutionary history of M. f. aurea and its relationships with other macaque species, we performed phylogenetic analyses and divergence time estimation of whole mitochondrial genomes (2 M. f. aurea, 8 M. f. fascicularis, and 16 animals of 12 macaque species) and 2871 bp of the Y chromosome (1 M. f. aurea, 2 M. f. fascicularis, and 5 animals of 5 macaque species) and haplotype network analysis of 758 bp of the Y chromosome (1 M. f. aurea, 2 M. f. fascicularis, and 21 animals of 19 macaque species). Whereas the Y chromosome of M. f. aurea clustered with those of the fascicularis species group in the phylogenetic and haplotype network analyses, its mtDNA clustered within the clade of the sinica species group. Based on this phylogenetic incongruence and the estimated divergence times, we propose that proto-M. f. aurea underwent hybridization with a population of the sinica species group between 2.5 and 0.95 MYA after divergence from the common ancestor of M. fascicularis. Hybridization and introgression might have been central in the evolution of M. f. aurea, similar to what occurred in the evolution of other macaque species and subspecies.
Macaca fascicularis (long-tailed macaque) is widely distributed throughout Southeast Asia, and this species is divided into 10 subspecies, based on their morphological characteristics and distribution (Fooden 1995) . Of the 10 subspecies, Macaca fascicularis fascicularis (common long-tailed macaque) has been studied extensively, because it has the broadest distribution, covering the eastern half of the Indochinese Peninsula, Malay Peninsula, Sumatra, Borneo, Java, the Lesser Sunda Islands, and the southern Philippines (Fooden 1995) , and because it is frequently used as a laboratory nonhuman primate model (Bluemel et al. 2015) . Several other subspecies have been studied, for example, with regard to their behavior (Macaca fascicularis fusca [Simeulue long-tailed macaque]) (van Schaik and van Noordwijk 1985) , ecology (Macaca fascicularis umbrosa [Nicobar long-tailed macaque]) (Umapathy et al. 2003) , and genetics (Macaca fascicularis philippinensis [Philippine long-tailed macaque]) (Smith et al. 2014) .
Among these subspecies, Macaca fascicularis aurea (Burmese long-tailed macaque) has garnered attention over the past decade due to their tool use during foraging behaviors (Malaivijitnond et al. 2007; Gumert and Malaivijitnond 2013) . Foraging with stone tools has been confirmed only in M. f. aurea-not in other subspecies of M. fascicularis or even other species of macaques. Thus, we are interested in learning how M. f. aurea differentiated from M. f. fascicularis subspecies and other macaque species that live in proximity. M. f. aurea is distributed along the Bay of Bengal and the Andaman Sea coast from Myanmar to southwestern Thailand ( Figure 1 ; Fooden 1995; San and Hamada 2011; Bunlungsup et al. 2016) and is morphologically distinct from M. f. fascicularis, based on the infrazygomatic lateral facial crest pattern (Fooden 1995) and darker pelage of the former (Bunlungsup et al. 2016) .
Recently, Bunlungsup et al. (2016) found that genetically, M. f. aurea is distinct from M. f. fascicularis with regard to its mitochondrial DNA (mtDNA) and Y chromosome. A phylogenetic analysis of partial mtDNA (hypervariable segment I [HVSI] , 2 tRNAs, and partial Cytb sequences) in M. f. aurea, M. f. fascicularis, and Macaca mulatta (rhesus macaque), with Macaca sylvanus (Barbary macaque) as an outgroup, showed that the mtDNA clades of M. f. fascicularis and M. mulatta were more closely related to each other than to that of M. f. aurea (Bunlungsup et al. 2016) . These findings highlight the unknown origin of mtDNA in M. f. aureawhether 1) the mtDNA tree reflects species/subspecies divergence between M. f. aurea, M. f. fascicularis, and M. mulatta (i.e., the divergence of M. f. aurea predated that between M. mulatta and M. f. fascicularis) or 2) the tree topology is derived from incomplete lineage sorting or introgressive hybridization.
There are over 20 species of macaques, which are classified into 7 species groups (Fleagle 2013; Zinner et al. 2013) , and genetic evidence of current and historical natural hybridization between these macaque species has been presented (Evans et al. 2001; Tosi et al. 2000 Tosi et al. , 2002 Tosi et al. , 2003 Bonhomme et al. 2009; Li et al. 2009b; Fan et al. 2014; Jiang et al. 2016) . Thus, the mtDNA of M. f. aurea could have been derived from other macaque species, which were not analyzed in a previous study (Bunlungsup et al. 2016 ). To date, many whole mitochondrial genome sequences of macaques have been reported, and these data have resolved the mtDNA phylogeny and divergence history of several Asian macaques, which had not been accomplished using partial mitochondrial genome sequences (Liedigk et al. 2014 (Liedigk et al. , 2015 Jiang et al. 2016) . By performing a whole mitochondrial genomic phylogenetic analysis of M. f. aurea and M. f. fascicularis with other species of macaques, the origin of mtDNA in M. f. aurea was expected to be determined.
Conversely, a published Y-chromosomal phylogenetic tree that was based on TSPY and SRY revealed 3 distinct clades: M. f. aurea, Sundaic M. f. fascicularis, and Indochinese M. f. fascicularis/M. mulatta (Bunlungsup et al. 2016) . However, the order of divergence among the 3 clades was not resolved due to short branch lengths. Recently, the sequence of the non-recombining region of the Y chromosome (NRY) of M. mulatta was determined (Hughes et al. 2012) , allowing further study of NRY loci, which could be phylogenetically informative. In addition, the multicopy state of the TSPY in Macaca (Hughes et al. 2012) complicates the interpretation of the TSPY tree (Ghenu et al. 2016) . Thus, further sequencing of singlecopy loci in the NRY was expected to provide new insights into the Y-chromosomal phylogenetic position of M. f. aurea.
To determine 1) the phylogenetic position of M. f. aurea among Asian macaques and 2) the divergence history of M. f. aurea from M. f. fascicularis, we performed a whole mitochondrial genomic and Y-chromosomal (NRY) phylogenetic analysis of M. f. aurea and M. f. fascicularis with other macaque species.
Materials and Methods
Subjects and DNA Samples DNA was extracted from blood specimens that were collected from wild or captive monkeys (Nakayama et al. 2008; Bunlungsup et al. 2016 Bunlungsup et al. 2016) were temporarily captured in their natural habitat in Thailand or Myanmar (Malaivijitnond et al. 2008; Bunlungsup et al. 2016) . Macaca radiata was reared at the Primate Research Institute, Kyoto University, and its origin was known only at the country level (India) (Nakayama et al. 2008) . Macaca leonina, M. assamensis, and M. arctoides were confiscated animals that had been reared in the Krabok Koo Wildlife Breeding Center, Department of National Parks, Wildlife and Plant Conservation (DNP), Thailand, and thus, their origins were known only at the country level (Thailand).
PCR Amplification and Sequencing
The presence of nuclear insertions of mtDNA (numts) has been reported in several macaque species (Li et al. 2009a; Hu et al. 2015) . To avoid amplifying numts, each mitochondrial genome was initially amplified in 3 long overlapping fragments (approximately 5.8, 7.2, and 4.9 kbp) using primers that were designed from a mitochondrial genome sequence of M. f. fascicularis that was obtained from DDBJ/EMBL/GenBank (Accession no. KM851024) using Primer 3 (Untergasser et al. 2012) (Supplementary Table S1 ). Subsequently, Initial long-range PCR amplifications were performed in a 25-μL cocktail that contained DNA template, 0.5 units KOD FX (Toyobo, Japan), PCR Buffer for KOD FX, 400 µM of each dNTP, and 300 nM of each primer. The program was as follows: preincubation at 94 °C for 2 min; 40 cycles of 98 °C for 10 s, 60 °C for 30 s, and 68 °C for 10 min; and a final extension at 68 °C for 10 min. The second-round amplifications were conducted in a 25-μL cocktail, comprising 0.5-μL initial long-range PCR amplicon (diluted up to 50 times), 0.75 units AmpliTaq Gold® (Applied Biosystems, Foster City, CA), PCR Buffer II for AmpliTaq Gold®, 2.0 mM Mg ++ , 200 μM of each dNTP, and 200 nM of each primer. The program was as follows: preincubation at 94 °C for 9 min; 40 cycles of 94 °C for 30 s, 52-60 °C for 30 s (depending on the primer set), and 72 °C for 40 s; and a final extension at 72 °C for 10 min. After we confirmed the amplification of the target regions by 1% agarose gel electrophoresis, the second-round amplicons were purified using the Wizard® SV Gel and PCR Clean-Up System (Promega, Madison, WI) and sequenced by Macrogen, Inc. (Republic of Korea) in both directions using primers for the second-round PCR.
For the Y chromosome, 6 single-copy loci in the NRY, which have been sequenced in M. sylvanus , were amplified and sequenced: intron 6 of DBY, intron 9 of SMCY, intron 19 of SMCY, the coding region of SRY, intron 20 of UTY, and intron 8 of ZFY (the intron numbers were adjusted to the NRY sequence of M. mulatta; Hughes et al. 2012) . Some primers were redesigned using Primer 3, based on the sequence of M. mulatta (Supplementary Table S2 ). PCR was carried out in a 25-μL cocktail that contained DNA template, 0.75 units AmpliTaq Gold® (Applied Biosystems), PCR Buffer II for AmpliTaq Gold®, 2.0 mM Mg ++ , 200 μM of each dNTP, and 200 nM of each primer. The program was as follows: preincubation at 94 °C for 9 min; 40 or 50 cycles of 94 °C for 30 s, 53 °C or 55 °C for 30 s (depending on the primer set) and 72 °C for 1 min; and a final extension at 72 °C for 10 min. To confirm the male-specific amplification of each primer set, 1 female M. f. aurea sample was included in the PCR reactions. PCR products were purified and sequenced as with the mitochondrial genomes.
Sequence Alignment and Phylogenetic Tree Construction
Mitochondrial sequence data were called and aligned with the mitochondrial genome sequence of M. f. fascicularis (Accession no. KM851024) using MEGA6 (Tamura et al. 2013 ). Annotation of protein-coding genes, rRNA, and tRNA coding regions was performed using DOGMA (http://dogma.ccbb.utexas.edu/; Wyman et al. 2004 ) and corrected manually.
In addition to the 3 mitochondrial genome sequences of M. f. aurea and M. radiata, the complete mitochondrial genomic sequences of 23 macaque individuals, representing 12 species of all 7 macaque species groups (Zinner et al. 2013) , and 1 individual each from 2 outgroup species, Papio hamadryas (hamadryas baboon) and Theropithecus gelada (gelada baboon), obtained from DDBJ/EMBL/ GenBank, were included in the dataset (Supplementary Table S3 ). The mitochondrial genome sequences were aligned separately for 13 protein-coding genes and 2 rRNAs using MUSCLE (Edgar 2004) in MEGA6, and insertion/deletion or ambiguous sites were removed manually; codons that included these sites were removed from the protein-coding genes, and using the default settings in Gblocks (Castresana 2000) for rRNA. The aligned and trimmed sequences for the 13 protein-coding genes and 2 rRNAs were combined, which resulted in 13 772 bp sequences, and examined by phylogenetic analysis.
Because the evolutionary rate differs between nucleotide sites, application of the best-fit evolutionary model to each set of nucleotide sites often yields a better estimation in phylogenetic analyses (Yang 1996) . However, selecting good partitions from sets of nucleotide sites is a complicated process and often results in over partitioning and over-parameterization. PartitionFinder2 (Lanfear et al. 2017) generates suitable partition blocks that follow the same evolutionary model, from a set of partitions to address this issue.
To identify suitable partition blocks for further analysis, 41 partitions (2 rRNAs and the first, second, and third positions of codons of 13 protein-coding genes) were assessed using PartitionFinder2 with the RAxML search option (Stamatakis 2014) , and the best substitution model for each partition block was selected, based on AICc. The search was performed only with the RAxML option due to the computational limitation in the number of partitions that could be analyzed by PartitionFinder2. Nineteen partition blocks were produced with the GTR, GTR + G, or GTR + I + G model (Supplementary  Table S4 ).
In addition to the dataset of 28 mitochondrial genome sequences, we generated a dataset of 1470 bp partial mtDNA sequences, encompassing partial 12SrRNA, tRNA-Val, and partial 16SrRNA. Using these partial mtDNA sequences, the sequences of 2 Macaca sinica (toque macaque) and 1 M. f. fascicularis could be obtained from DDBJ/EMBL/GenBank (Supplementary Table S5 ) and were included in the analysis. The analysis was performed as with the whole mitochondrial genome sequence dataset, except that the sequence was analyzed as a single partition. The GTR + I + G model was selected as the evolutionary model for the RAxML and MrBayes (Ronquist and Huelsenbeck 2003) analyses.
For the Y chromosome sequence dataset, in addition to the sequences of the 6 individuals that represent 4 macaque species in this study, we combined the sequences of M. mulatta, obtained from Hughes et al. (2012) , and M. sylvanus, P. hamadryas, and T. gelada, obtained from DDBJ/EMBL/GenBank (Supplementary Table S6 ). Sequence alignment was performed separately for the 6 loci using MUSCLE, and after removal of the insertion/deletion sites, the sequences were combined into 2871 bp fragments. Partition blocks and substitution models were assessed using PartitionFinder2, starting from the 6 partitions; 5 partition blocks were selected with the GTR or GTR + G model with the RAxML search option for the phylogenetic analysis with RAxML, and with the HKY, HKY+I, or GTR model using the PhyML search option (Guindon et al. 2010) for the phylogenetic analysis with MrBayes and the divergence time estimation with BEAST2 (Bouckaert et al. 2014) (Supplementary  Table S7 ).
Phylogenetic trees of the whole mitochondrial genome, partial mtDNA, and Y chromosome were constructed using maximum likelihood (ML) and Bayesian frameworks. ML trees were constructed using RAxML v8.2.0 with the selected substitution models GTRGAMMAI (for the whole mitochondrial genome and partial mtDNA datasets) and GTRGAMMA (for the Y chromosome dataset) for each partition block. The rapid bootstrap test was performed 1000 times. Bayesian trees were constructed using MrBayes v3.2.5 with the substitution models for each partition block as described above (Supplementary Tables S4 and S7 ). We conducted 2 independent Markov Chain Monte Carlo (MCMC) runs, which included 1 cold and 3 heated chains. Each run comprised 5 000 000 generations, and parameters were sampled every 500 generations. Convergence between the 2 independent runs was monitored using Tracer v1.6 (Rambaut et al. 2016) . The first 25% samples of each run were discarded as burn-in, and the results of the 2 independent runs were merged; thus, the consensus tree was generated from 15 002 trees. Both ML and Bayesian trees were visualized using FigTree v1.4.3 (available from http://tree.bio.ed.ac. uk/software/figtree/).
Divergence Time Estimation
Divergence times of the mitochondrial genome and Y chromosome were estimated using BEAST 2.4.4. We selected relaxed log normal for as the clock model and the birth-death model as the tree prior. For the mitochondrial genome and Y chromosome datasets, 2 independent runs, each of which included 40 000 000 generations, were performed, and parameters were sampled every 2000 generations. Convergence between the 2 runs was monitored in Tracer v1.6. The first 25% samples of each run were discarded as burn-in, and the results were merged using LogCombiner. Then, a consensus tree was constructed from 30 002 trees using TreeAnotator and was visualized in FigTree. For calibration priors of divergence dates, we used 2 divergence times that we assumed followed a normal distribution with regard to the 1) divergence between M. sylvanus and Asian macaque species of 5.5 million years ago (MYA) (95% lower and upper limits: 4.5-6.5 MYA) (Alba et al. 2014) and 2) divergence between P. hamadryas and T. gelada of 5.0 MYA (95% lower and upper limits: 3.5-6.5 MYA) (Frost et al. 2014 ).
Haplotype Network Analysis of Y Chromosome
Although the 8 Y chromosome sequences of macaques that were analyzed in the phylogenetic tree construction covered 6 of the 7 macaque species groups, to ensure the phylogenetic position of M. f. aurea, haplotype network analysis of the SRY coding region was performed. By focusing solely on the SRY coding region, 24 individuals, representing 20 macaque species of all 7 species groups, were analyzed by combining additional sequences from DDBJ/ EMBL/GenBank (Supplementary Table S8 ). One individual each from 2 outgroup species, P. hamadryas and T. gelada, obtained from DDBJ/EMBL/GenBank, was also included in the dataset. Sequence alignments were performed using MUSCLE, and after removal of the insertion/deletion sites, the dataset consisted of 758 bp sequences. A haplotype network was constructed, based on the median-joining algorithm (Bandelt et al. 1999 ), using PopART 1.7 (Leigh and Bryant 2015) .
Results

Mitochondrial Phylogeny and Divergence Times
The topologies of the mitochondrial genomic phylogenetic trees that were produced using the ML and Bayesian frameworks resembled each other, except for the divergence order of M. sylvanus and the silenus/Sulawesi group, which showed low statistical support (for the basal position of M. sylvanus among Macaca, posterior probability [PP]/bootstrap value [BS]: 0.58/23) (Figure 2 ; Supplementary Figure S1 ). This result was inconsistent with previous studies that used similar datasets but reported high statistical support for the divergence between M. sylvanus and Asian macaque species (Liedigk et al. 2015; Jiang et al. 2016) . The low statistical support for the position of the silenus/Sulawesi group clade relative to M. sylvanus was consistent despite the removal of all 3 sequences in this study or other sets of sequences from the original dataset (data not shown).
The 2 mitochondrial genome sequences of M. f. aurea clustered within the clade of the sinica species group but not with M. f. fascicularis (Figure 2; Supplementary Figure S1 The phylogenetic tree that was based on the 1470 bp partial mtDNA sequence showed low statistical support for each divergence (Figure 3 ), but the tree topology was almost consistent with that of the whole mitochondrial genome. In the sinica group clade, M. f. aurea, M. sinica, and M. assamensis/M. thibetana formed a cluster, which was supported by high statistical support (PP/ BS: 0.99/85). Within the cluster, the mtDNA of M. f. aurea and M. sinica clustered separately from M. assamensis/M. thibetana but with short branch lengths and low statistical support (PP/BS: 0.84/61).
Y-Chromosomal Phylogeny and Divergence Times
The topologies of the Y-chromosomal phylogenetic trees that were produced by ML and Bayesian frameworks were consistent with each other (Figure 4; Supplementary Figure S2 In the median-joining haplotype network, the SRY sequences formed clusters that followed the classification of macaque species groups ( Figure 5 ). The SRY sequence of M. f. aurea clustered with Table 2 for details on divergence times. The values at each node are the posterior probability (MrBayes) and bootstrap value (RAxML).
those of M. f. fascicularis, M. mulatta, Macaca fuscata (Japanese macaque), and Macaca cyclopis (Formosan macaque) and separated from those of other species groups.
Discussion
Phylogenetic Incongruence Between mtDNA and the Y Chromosome of M. f. aurea and Ancient Hybridization
By mitochondrial genome phylogeny, we confirmed that the mtDNA of M. f. aurea does not cluster with that of M. f. fascicularis and that the difference between the mtDNA of the 2 subspecies is larger than the difference between those of M. f. fascicularis and M. mulatta, as shown by Bunlungsup et al. (2016) . Further, the mtDNA of M. f. aurea clustered within the sinica group, which is incongruent with the subspecies taxonomic relationship between M. f. aurea and M. f. fascicularis. Yet, the Y-chromosomal sequence of M. f. aurea clustered with the clade of the fascicularis/mulatta group but not with that of the sinica group in the phylogenetic tree of 6 NRY loci or the haplotype network of SRY. Considering the slight differences in morphological characteristics between M. f. aurea and M. f. fascicularis (Fooden 1995; Bunlungsup et al. 2016) , the Y-chromosomal phylogeny might have reflected the "well-accepted" evolutionary relationship/tree, whereas the mtDNA tree was characterized by several strongly supported but distinct evolutionary relationships, based on the Y-chromosomal phylogeny and taxonomic classifications. This phylogenetic incongruence between mtDNA and the Y chromosome could be attributed to incomplete lineage sorting of mtDNA or hybridization between macaques in the fascicularis and sinica species groups. However, because the mtDNA of M. radiata/M. leucogenys formed an outgroup from the cluster of M. f. aurea, M. sinica, and M. assamensis/M. thibetana, the likelihood of hybridization having occurred is thus higher than incomplete lineage sorting, because only 1 consecutive hybridization can explain the observed mtDNA tree topology, whereas multiple mtDNA incomplete lineage sorting would have been required for the observed pattern-thus being less parsimonious. The estimated divergence times suggest that this ancient hybridization probably occurred after 2.5 MYA (the divergence of mtDNA of M. f. aurea from the M. assamensis/M. thibetana clade and the divergence of the Y chromosome of M. f. aurea from the Sundaic M. f. fascicularis clade) and before 0.95 MYA (the divergence within the mtDNA of the M. f. aurea clade).
The observed combination of mtDNA and the Y-chromosomal phylogenetic positions of M. f. aurea, in light of the male migrationand female philopatry-based social system of macaques, suggests that proto-M. f. aurea males immigrated into a population of the sinica species group macaques and hybridized. Although we do not have autosomal genetic information, considering the morphological similarity between M. f. aurea and other M. fascicularis subspecies, this male-mediated introgression might have resulted in nuclear swamping by proto-M. f. aurea (i.e., the nuclear genome of the sinica species group population was largely replaced by that of immigrant proto-M. f. aurea males), and the mtDNA of the sinica species group population still survives . This scenario resembles the hypothesis that nuclear swamping of a M. mulatta population by proto-M. arctoides engendered the current genomic makeup of M. arctoides (Jiang et al. 2016) .
Among the mtDNA sequences of the sinica species group in this analysis, 2 major mtDNA clades were observed. The first clade consisted of M. radiata and the recently discovered M. leucogenys (Li et al. 2015) and perhaps Macaca munzala (Arunachal macaque) (Chakraborty et al. 2007; Fan et al. 2017) and Macaca assamensis pelops (Western Assamese macaque) (Hoelzer et al. 1992 Table 3 for details on divergence times. The values at each node are the posterior probability (MrBayes) and bootstrap value (RAxML). (Fooden 1982) and M. thibetana: ~18.3 kg and ~12.8 kg, respectively (Zhao and Deng 1988) . Thus, it is perhaps less likely that male proto-M. f. aurea migrated into a population of proto-M. assamensis/M. thibetana and reproduced in the population by outcompeting proto-M. assamensis/M. thibetana males. The close phylogenetic relationship between M. f. aurea and M. sinica in the partial mtDNA tree in this study supports this model. Fooden (1980) hypothesized that proto-fascicularis/mulatta and proto-sinica group monkeys had long-tail characteristics. Further, previous studies on fossils and molecular phylogeny suggested that the sinica species group originated around modernday Myanmar and later diversified and expanded northward and southward (Delson 1980; Chakraborty et al. 2007 ; but see Fooden 1988) . Thus, it is plausible that the population of monkeys with which proto-M. f. aurea hybridized in an area of modern-day Myanmar or Bangladesh had similar characteristics as the long tailtype ancestor of sinica group monkeys. In this, equal admixture of proto-M. f. aurea and proto-sinica group populations-not nuclear swamping by proto-M. f. aurea-could also have produced the current characteristics of M. f. aurea. To generate conclusions on the characteristics of the sinica species group population and their contribution to the current genomic makeup of M. f. aurea, further genomic studies of M. f. aurea with several species of the sinica group are needed.
Subspeciation of M. f. aurea
The mtDNA and Y-chromosomal phylogenetic position and estimated divergence time of the sequences of M. f. aurea and M. f. fascicularis suggest how M. f. aurea diverged from M. fascicularis and evolved. There have been several hypotheses on the origin of M. fascicularis, and its evolutionary history is under debate. Based on fossil records, certain groups have argued that the common ancestor of M. fascicularis originated in Java and expanded its distribution (Delson 1980) . In contrast, based on the high genetic diversity of M. fascicularis, other groups have hypothesized that M. fascicularis originated from insular Southeast Asia (Smith et al. 2007 ). Further, this expansion could have begun from mainland Southeast Asia toward the insular area (Abdul-Latiff et al. 2014).
The 2 major mtDNA clades of M. f. fascicularis, Clade A (distributed in mainland Southeast Asia and northern Sumatra) and Clade B (distributed in Insular Southeast Asia except northern Sumatra), have been reported in previous studies (Harihara et al. 1988; Smith et al. 2007; Tosi and Coke 2007; Blancher et al. 2008; Liedigk et al. 2015; Bunlungsup et al. 2017) , and the divergence time was estimated to be 1.29 MYA (1.04-1.53 MYA, 95% HPD CI) in our study. In addition, recent studies that focused on partial mtDNA sequences suggested the presence of a third clade that was distributed in a limited area of the peninsula section of Thailand [called as "Sundaic Thai Gulf clade" by Bunlungsup et al. (2017) and "Thai2" by Schillaci et al. (2017) ], which was also supported by the partial mtDNA sequence phylogenetic tree in our study (Clade C; Figure 3 ). The divergence of this third clade coincided with the divergence of the 2 other major clades (Figure 3) , and the distribution of these 3 clades is allopatric (Bunlungsup et al. 2017) . Thus, the divergence of these 3 major mtDNA clades might represent the initial expansion of the distribution of M. f. fascicularis (or M. fascicularis) .
Notably, the limited distribution of Clade C in the middle of the Thailand peninsula (Bunlungsup et al. 2017 ) might reflect the start of the expansion of M. f. fascicularis in the peninsula of modern-day Thailand and Malaysia, where the subspecies contact zone between M. f. aurea and M. f. fascicularis formed (Figure 1; Fooden 1995 ; Bunlungsup et al. 2016) . If this model is correct, the divergence of the common ancestor of M. f. aurea from M. f. fascicularis might have occurred at a similar time.
In addition, the Bayesian analysis revealed gaps of approximately 600 000 years between the divergence of Clades A and B (1.29 MYA) and the start of divergence within Clade A (0.66 MYA) and Clade B (0.70 MYA) (Figure 2) , which is also supported by the analysis of many mtDNA sequences (Liedigk et al. 2015; Bunlungsup et al. 2017) . Together with the allopatric distribution of the 2 major clades (Liedigk et al. 2015; Bunlungsup et al. 2017) , the estimated time of divergence within these 2 major clades suggests that the current distribution of mtDNA of M. f. fascicularis is attributed primarily to the expansion of distribution after 0.7 MYA. Although speculative, the gap between the divergence of the 2 major mtDNA clades and the divergence within those clades might indicate that the population of M. f. fascicularis was small before 0.7 MYA, perhaps because before the divergence within the clades, macaque species, including M. fascicularis, might have lost their suitable habitats and thus gathered in small refugia (c.f. Eudey 1980) . Consequently, proto-M. f. aurea encountered and possibly hybridized with a population of the sinica species group in an area of modern-day Myanmar or Bangladesh, as discussed above. The common ancestor of M. f. aurea might also have had a small population, resulting in the complete mtDNA replacement by the protosinica type of mtDNA.
Alternatively, the divergence between proto-M. f. aurea and other M. fascicularis could have occurred as early as suggested by the divergence time of the Y chromosomes of M. f. aurea and Sundaic M. f. fascicularis: 2.58 MYA (1.07-4.02 MYA, 95% HPD CI) (Figure 4 ; Table 3 )-just before the divergence of mtDNA of M. f. aurea and the M. assamensis/M. thibetana (and M. sinica) clade. In this case, it is difficult to determine the model of subspeciation solely from the current dataset. Further genetic studies are required to resolve this issue.
In conclusion, our results demonstrate how M. f. aurea, based on mtDNA and Y chromosome analyses, differs genetically from their conspecific M. f. fascicularis. However, because this study focused on mtDNA and the Y chromosome, it is unknown how much of the ancient hybridization contributed to the genomic makeup of M. f. aurea. Further studies on the autosomal genomic differences between M. f. aurea and M. f. fascicularis are expected to detail the subspeciation history and evolution of the subspecies-specific phenotypic characteristics of M. f. aurea.
